Oilseed rape, a crop requiring a high level of nitogen (N) fertilizers, is characterized by low N use efficiency. To identify the limiting factors involved in the N use efficiency of winter oilseed rape, the response to low N supply was investigated at the vegetative stage in 10 genotypes by using long-term pulse-chase 15 N labelling and studying the physiological processes of leaf N remobilization. Analysis of growth and components of N use efficiency allowed four profiles to be defined. Group 1 was characterized by an efficient N remobilization under low and high N conditions but by a decrease of leaf growth under N limitation. Group 2 showed a decrease in leaf growth under low N supply that was associated with a low N remobilization efficiency under both N supplies despite a high remobilization of soluble proteins. In response to N limitation, Group 3 is characterized by an increase in N use efficiency and leaf N remobilization compared with high N that is not sufficient to sustain the leaf biomass production at a similar level to non-limited plants. Genotypes of Group 4 subjected to low nitrate were able to maintain leaf growth to the same level as under high N. The profiling approach indicated that enhancement of amino acid export and soluble protein degradation was crucial for N remobilization improvement. At the whole-plant level, N fluxes revealed that Group 4 showed a high N remobilization in source leaves combined with a better N utilization in young leaves. Consequently, an enhanced N remobilization limits N loss in fallen leaves, but this remobilized N needs to be efficiently utilized in young leaves to improve N use efficiency.
Introduction
The gain in crop productivity has been associated with a 20-fold increase in the use of nitrogen (N) fertilizer during the past five decades (Glass, 2003) and it is expected to increase at least 3-fold by 2050 (Tilman, 1999; Good et al., 2004) . Oilseed rape (Brassica napus L.), cultivated for its seeds (65 058 240 t worldwide in 2012; source FAO) from which oil is extracted for use in human food and animal feeding (meal) as well as for non-food uses (biofuel), is the third most cultivated oleaginous crop worldwide. However, oilseed rape is characterized by a high requirement for N fertilizers (160-250 kg ha -1 ) to obtain a sufficient seed yield (Rathke et al., 2005) . This high demand for N fertilizer can be explained by the fact that only 50% of the N fertilizer is recovered in seeds (Schjoerring et al., 1995) , revealing the weak N use efficiency (NUE) of oilseed rape. Since the production of N fertilizers depends on the price of energy, it accounts for the most costly input in crop production (Rothstein, 2007) . In addition to a high economic cost, this large N balance surplus increases the risk of environmental pollution. Consequently, in a context of environmentally friendly farming, a reduction in N fertilizer inputs has become imperative (Behrens et al., 2001) , and a better understanding of the mechanisms involved in NUE is required to optimize the agri-environmental balance.
The NUE takes into account the capacity to absorb the N from the soil (N uptake efficiency; NUpE) and to utilize this element efficiently within the plant (N utilization efficiency; NUtE). NUtE includes the abilities of plants to assimilate (N assimilation efficiency; NAE) and remobilize N from senescing to growing organs (N remobilization efficiency; NRE). Concerning the NUpE, an efficient N uptake between bolting and flowering appears to be crucial for seed yield of oilseed rape crops (Schulte auf 'm Erley et al., 2007) . However, a comparison of N uptake capacity among various Brassica species, clover, and ryegrass showed that oilseed rape manifested the highest nitrate uptake capacity during vegetative stages (Laîné et al., 1993) , demonstrating a high NUpE for this crop. In addition, a study of four spring oilseed rape genotypes at the vegetative stages showed differences in NUE not explained by NUpE, but were associated with differences in NUtE (determined as changes in dry weight per unit change in N content) (Svecnjak and Rengel, 2006) . Differences in NUtE at the vegetative stages were also observed in 11 other genotypes of spring oilseed rape (Balint and Rengel, 2008) . In a context of reducing N inputs, even if a higher NUpE can participate in improving the NUE, the optimization of the NUtE may lead to a similar seed yield with lower N input. However, none of the previous studies was able to determine if the N assimilation and/or N remobilization were involved in the NUtE variations. Indeed, in these previous works, the NUtE indices were estimated at the whole-plant level, without distinction between N remobilization from senescing organs and assimilation in growing organs.
However, some precision about the limiting factors of NUtE was recently established. Concerning the N assimilation, transgenic approaches targeted to enzymes involved in N metabolism such as glutamine synthetase showed that NADH-dependent glutamate synthase or asparagine synthetase may lead to a significant improvement in NUE in different species (Good et al., 2004; Pathak et al., 2008; Good and Beatty, 2011) . For oilseed rape, plants overexpressing alanine aminotransferase (AlaT) needed 40% less N fertilizer to reach a similar yield to the wild type (Good et al., 2007; Good and Beatty, 2011) . These results highlighted the importance of efficient N assimilation for NUE. However, a high NAE needs to be correlated to an enhanced N remobilization to limit the N loss through the fallen leaves and, therefore, to improve/maintain seed yield under low N inputs.
The N remobilization is highly related to senescence, which is essential at the whole-plant level due to the fact that the mechanisms associated with senescence allow the redistribution of nutrients from old organs to sink organs for growth or storage (Peoples and Dalling, 1988) . Indeed, a correlation between the N remobilization and senescence severity was observed during the vegetative growth of Arabidopsis (Diaz et al., 2008) , i.e. during sequential senescence which consists of a remobilization from the older leaves to the younger leaves, along the axis of the plant. In oilseed rape, the N remobilization associated with the sequential senescence is considered as crucial for seed yield (Noquet et al., 2004) . However, a residual N in dead leaves up to 3.5% of dry matter was observed as a consequence of a low N remobilization from leaves of oilseed rape (Malagoli et al., 2005a) , which can lead to an N loss of up to 100 kg N ha -1 year -1 (Dejoux et al., 2000) . In addition, a simulation designed via a modelling approach that was aimed at identifying the key mechanisms involved in high NUE has suggested that a decrease in the residual N of dead leaves by 1% at the vegetative stages may increase seed yield (up to +15%) in addition to reducing the N loss (Malagoli et al., 2005b) . Together, these results suggested that an optimization of NRE is needed to decrease the N loss via dropped leaves and, therefore, improve the NUE.
To reach this goal, identification of the NRE-limiting factors is required . The major form of N storage in leaves is proteins, which can account for 70-90% of the reduced N (Peoples and Dalling, 1988) . During the N remobilization associated with senescence, proteins are degraded into amino acids by different classes of proteases (Martínez et al., 2008; Roberts et al., 2012) and the resulting amino acids and/or peptides are exported to the growing organs. The main amino acids transported in the phloem sap of oilseed rape are glutamine and glutamate (Lohaus and Moellers, 2000) , and a previous study on cv. Lirajet showed that the amino acid export was not limiting in the vegetative stages (Tilsner et al., 2005) . During the N remobilization phase of senescent leaves in oilseed rape (cv. Capitol), the low amount of amino acids and the overexpression of amino acid transporters (such as AAP1) also suggested an efficient amino acid export (Desclos, 2008) . However, these studies were carried out in only two genotypes, and, therefore, efficient amino acid export remains to be confirmed in more genotypes.
Because amino acid export probably does not limit leaf N remobilization, the proteolysis mechanisms have been proposed to be crucial for leaf NRE (Avice and Etienne, 2014) . Among the soluble proteins, ribulose-1,5-biphosphate carboxylase/oxygenase (Rubisco; EC 4.1.1.39) contains up to 30% of the N in the mature leaf of C 3 plants (Makino et al., 1984; Evans, 1989; Kumar et al., 2002) and this protein is thought to be an important form of N storage compound that is easy to remobilize (Mae et al., 1983; Makino et al., 1984; Evans, 1989) . Consequently, its budget is essential for N management at the whole-plant level. Indeed, silencing of CND41, an aspartic protease known to degrade Rubisco (Kato et al., 2001) , resulted in a delayed senescence and an accumulation of Rubisco in the older leaves, suggesting a failure in N remobilization (Kato et al., 2004) . These results highlighted a key role for proteolysis mechanisms in foliar N remobilization, especially those associated with Rubisco degradation, but this remains to be clearly demonstrated in a range of genotypes of winter oilseed rape.
Several approaches are possible to study the NUE (Kant et al., 2011) , and the genotypic selection of oilseed rape is in progress, but only a few studies have explored its genotypic variability to define the limiting factors of NUE at the vegetative stages. In addition, except for one (Schulte auf'm Erley et al., 2007) , most of these studies were done on spring oilseed rape Rengel, 2008, 2011) .
By exploring the natural variability of 10 winter oilseed rape genotypes in response to ample and limiting nitrate regimes at the rosette stage, the present study aims to identify the main physiological traits related to a high NUE at the vegetative stage. Due to the high N loss that is a consequence of the low leaf NRE (Dejoux et al., 2000; Malagoli et al., 2005a) , a profiling study was carried out with a special focus on foliar N remobilization. The importance of N remobilization at the whole-plant level was investigated thanks to longterm pulse-chase 15 NO 3 -labelling, allowing the dynamics of N fluxes to be determined at the whole-plant level and, therefore, to define accurate indexes of NRE and NUtE. Because proteolysis is a pivotal mechanism involved in foliar N remobilization (Avice and Etienne, 2014) , the role of proteolysis in leaf NRE was also studied by estimations of the mobilization of N, amino acids, and soluble proteins in a source leaf that became senescent during the experiment.
Materials and methods

Experimental design
Ten genotypes (Aviso, Oase, ES-Astrid, Californium, Lioness, Express, Samouraï, Ténor, Darmor, and Montégo) were cultivated at the vegetative stages in greenhouse conditions under a thermoperiod of 20 °C (day; 16 h) and 15 °C (night; 8 h). Natural light was supplied by high pressure sodium lamps (Philips, MASTER GreenPower T400W) with a PAR (photosynthetically active radiation) of 400 μmol photon s -1 m -2 at the top of the canopy. After germination, seedlings were transferred into 2.5 litre pots containing mixed vermiculite (1V) and perlite (2V) 15 N at 2.5 atom% excess to obtain a homogenous labelling in the whole plant (long-term pulse-chase method; Salon et al., 2014 At D0, a single mature leaf that was becoming senescent during the experiment was chosen on each plant on the basis of its leaf area (determined by a LI-COR 300 area meter, LI-COR, Lincoln, NE, USA) and chlorophyll content (by SPAD: Soil Plant Analysis Development; Minolta, SPAD-502 model). These leaves, called the 'source leaves' (mean SPAD value of 52.20 ± 5.52% of variation; mean leaf area value of 127.91 ± 18.60 cm 2 of variation) corresponded to leaf rank number 11 for ES-Astrid, Californium, and Darmor, and to leaf rank number 12 for the other genotypes. The plants were harvested every 7 d (D0, D7, D14, and D21), and roots, crown, laminae, and petiole of each leaf were separated, weighed, and immediately frozen in liquid nitrogen. The dry matter of each organ was determined after they had been freeze-dried, ground to a fine powder, and stored at room temperature in the presence of desiccant for biochemical analyses. Concerning leaves, one half of the laminae was freeze-dried for biochemical studies and the other half was conserved frozen (-80 °C) for proteomic and molecular analyses. Growth performance was determined after 21 d of nitrate treatment via leaf biomass production [LB prod ; g of fresh matter (FM) per plant] observed in growing leaf nodes above the source leaf (corresponding to expanding and emerging leaves).
N and
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N quantification and whole-plant N fluxes
The N amount in source leaves of the 10 genotypes was quantified at 0 d and 21 d to estimate the foliar N remobilization (NRE leaf ). In addition, the total N and 15 N amounts were quantified in all organs at 0 d and 21 d for four genotypes, representing four different profiles in terms of growth performance and N management in response to low N supply: Oase Gr1 (Group 1), Samouraï Gr2 (Group 2), Californium Gr3 (Group 3), and Aviso Gr4 (Group 4). The long-term pulse-chase labelling described above allowed estimation of the N fluxes from remobilization (from source organs to sink organs) and from nitrate uptake at the whole-plant level. To simplify the study and calculation of N fluxes, the leaves above the source leaf (called 'the younger leaves'), mainly sink leaves, were pooled and the source leaf and leaves below were grouped and considered as being source leaves. The determination of the N and 15 N amounts was performed by an elemental analyser (EA3000, EuroVector, Milan, Italy) linked to a continuous flow isotope ratio mass spectrometer (IRMS, IsoPrime GV Instruments, Manchester, UK). The calculation used to determine the N fluxes from remobilization or uptake has been previously published (Salon et al., 2014) .
Calculation of NUE, NRE, and NUtE
The NUE was estimated as the LB prod per milligram of N provided in the nutrient solution:
where LB prod refers to the FM (g) of the leaves above the source leaf, and the QN supply is the N amount (mg) provided in the nutrient solution during the 21 d of the experiment.
Based on the N fluxes, the N remobilized as a percentage of N stored in source organs (N remobilization efficiency; NRE) was estimated for Oase Gr1 , Samouraï Gr2 , Californium Gr3 , and Aviso Gr4 as follows:
where ΣQN remobilization corresponds to the total N amount remobilized between t and t+Δt, ΣQN source t is the N amount in all source organs at t, and ΣQN uptake corresponds to the amount of N taken up that was allocated to all source organs between t and t+Δt.
The NUtE, expressed as the LB prod per milligram of N distributed to the younger leaves, was calculated using the equation:
where LB prod corresponds to the FM of the younger leaves (g) and QN younger leaves is the total N amount (mg) distributed (from both remobilization and uptake) to the younger leaves.
Protein quantification in source leaves
Soluble proteins were extracted from 200 mg of frozen fresh matter previously ground in a mortar with liquid nitrogen in the presence of 500 μl of citrate-phosphate buffer [20 mM citrate, 160 mM phosphate, pH 6.8 containing 50 mg of polyvinylpolypyrrolidone (PVPP)]. After centrifugation (1 h, 12 000 g, 4 °C), the supernatant containing the soluble proteins was transferred to a microtube and the concentration of the soluble protein extract in equivalent bovine serum albumin (BSA) was quantified by protein-dye staining (Bradford, 1976) . The remobilization of the soluble proteins (Remob prot ) was estimated as:
where QProt D0 and QProt D21 refer to the amount of soluble proteins (mg leaf -1 ) at D0 and D21, respectively.
The amino acid quantification in source leaves
Metabolite extraction and quantitative analyses were carried out as previously described (Renault et al., 2010) . Amino acid analyses were performed from an Acquity reversed-phase ultra-performance liquid chromatography system (Waters Corporation, Milford, MA, USA), coupled with ultraviolet detection (UPLC ® -UV). Concentrations were expressed in micromoles per leaf (μmol leaf -1 ). The remobilization of the amino acids (Remob aa ) was estimated as:
where QAA D0 and QAA D21 refer to the amount of amino acids per leaf at D0 and D21, respectively.
Determination of leaf senescence status
The up-regulation of the SAG12 gene (encoding a cysteine protease) concomitantly with the down-regulation of the Cab gene (encoding a chlorophyll a/b-binding protein) during leaf senescence of oilseed rape revealed the spatial progression of senescence, and this method was used to determine senescence progression at the whole-plant level. The extraction of RNA and the analysis of the molecular indicator, SAG12/Cab, after real-time PCR were performed as described by Gombert et al. (2006) .
Statistical analysis
The normality of the data was examined with the Ryan-Joiner test at 95%. Analysis of variance (ANOVA) and the Tukey test were used to compare the means. When the normality law of data was not respected, the non-parametric Kruskal-Wallis test was carried out. Statistical significance was postulated at P<0.05. The source of variation and the correlations were determined by an ANOVA and the Pearson test, respectively (*P<0.05, **P<0.01, ***P<0.001). Three biological repetitions were used (n=3) and all the data presented are expressed ±standard error (SE).
Results
Growth performance and NUE of the 10 genotypes
To compare the response to nitrate availability of the 10 genotypes at the vegetative stage, the growth performance was investigated as the leaf biomass production per plant (LB prod ), expressed as the fresh matter (FM) of growing and emerging leaves during the 21 d of N treatments ( Fig. 1A ; see the Materials and methods for details). The LB prod was strongly impacted by the N supply as well as the genotypes, and an interaction between N treatment and genotype was found (P<0.001; Supplementary Table S1 available at JXB online). The NUE (LB prod per milligram of N provided by the nutrient solution during the 21 d; Fig. 1B, C) was negatively correlated to the N supply (r= -0.91, P<0.001; Supplementary Table S1 ) and an N supply×genotype interaction was observed (P<0.001). In HN conditions, the highest LB prod was observed for Aviso and Ténor (83 g FM plant on average), followed by Montégo, ES-Astrid, Californium, Oase, and Darmor (75 g FM plant -1 on average; Fig. 1A ). In contrast, Express (63 g FM plant -1 ) and Samouraï (60 g FM plant -1 ) had the lowest LB prod . In HN conditions, the highest NUE was observed in Aviso and Ténor (0.8 g FM mg -1 N) and the lowest was observed in Samouraï (0.6 g FM mg -1 N; Fig. 1B) .
Under LN supply, only Aviso and Ténor were able to produce a similar LB prod to that found under HN conditions (Fig. 1A) , resulting in the highest NUE for these genotypes (7.8 and 6.9 g FM mg -1 N, respectively; Fig. 1C ). In contrast, the other genotypes showed a lower LB prod under LN compared with HN treatment (Fig. 1A) , despite a higher NUE (Fig. 1C) . The negative effect of LN conditions on LB prod was more drastic for Lioness, ES-Astrid, Montégo, and Samouraï (-41% on average when compared with HN plants; Fig. 1A ), leading to the lowest NUE values (from 3.5 g FM mg -1 N for Samouraï to 4.7 g FM mg -1 N for ES-Astrid; Fig. 1C ).
Genotypic variability of leaf N remobilization efficiency
The impact of nitrate availability on the N remobilization in the 10 genotypes was investigated via the N remobilization efficiency in senescing source leaves during the 21 d (NRE leaf ; Fig. 2 ; Supplementary Fig. S1 ). The N treatment and genotypes influenced the NRE leaf , and an N treatment×genotype interaction was observed (P<0.001; Supplementary Table S1 at JXB online). Under HN conditions ( Fig. 2A) , four genotypes remobilized >50% of the leaf N present at D0 and, therefore, were considered to be 'efficient' for NRE leaf : Oase (76%), Lioness, ES-Astrid, and Darmor (57%). The other six genotypes were considered as 'weakly efficient' with an NRE leaf between 25% (Aviso) and 45% (Californium). Under LN conditions (Fig. 2B) , nine genotypes were considered as efficient for NRE leaf (NRE leaf >50%): Aviso, Oase, ES-Astrid, Californium, Ténor, Express, Lioness, Darmor, and Montégo. In contrast, the NRE leaf of the genotype Samouraï remained low (46%).
Genotypic variability of the soluble protein and amino acid remobilizations in a source leaf
In order to determine if proteolysis was a limiting factor of the NRE leaf , the remobilization of soluble proteins (Remob prot ) was investigated in a source leaf ( Fig. 3 Fig. 3B ). During senescence, proteins are mainly degraded into amino acids (Caputo and Barneix, 1999) . To determine if the export of amino acids via the phloem sieve elements could limit the N remobilization, the amount of free amino acids was quantified in a source leaf (Fig. 4) . The remobilization of amino acids (Remob aa ) was impacted by the nitrate supply and the genotype, but no genotype×N treatment interaction was observed (P=0.38; Supplementary Table S1 at JXB online). At the beginning of the experiment (D0), Darmor had the highest amount of amino acids (79 μmol leaf -1 ) and Samouraï the lowest (30 μmol leaf -1 ; Fig. 4) . At Day 21, a significant N supply×genotypes interaction was observed for the amount of amino acids in the source leaf (Supplementary Table S1 ), indicating that the amplitude of remobilization of amino acids was different for the 10 genotypes in response to N limitation. Under HN conditions, a significant decrease in the amount of amino acids was observed after 21 d for all the genotypes, except Samouraï (Fig. 4) . Under LN conditions (Fig. 4) , only Montégo, Express, Aviso, and Ténor had a lower amount of amino acids compared with HN conditions.
The results obtained from a principal component analysis (Fig. 5A ) based on the differences of NUE, NRE leaf , Remob prot , and Remob aa between HN and LN conditions allowed four different response profiles to N limitation to be defined (Fig. 5A) . The genotypes Darmor, ES-Astrid, Lioness, and Oase showing a decrease in LB prod in the LN treatment despite an efficient NRE leaf , Remob prot , and Remob aa in both N conditions, were associated in Group 1 (Fig. 5B) . The genotype Samouraï is also characterized by a decrease in LB prod under LN and similar NRE leaf , Remob prot , and Remob aa in both N conditions. However, this genotype was classified in Group 2 instead of Group 1 because a low NRE leaf was observed despite a high Remob prot in both N conditions (Fig. 5B) . Group 3 included the genotypes Montégo, Express, and Californium, which were characterized by a lower LB prod under LN conditions despite an increase in NUE, NRE leaf , Remob prot , and Remob aa under LN compared with HN treatment (Fig. 5B) . The genotypes Aviso and Ténor showing a similar LB prod in both N conditions were classed in Group 4 (Fig. 5B) .
N remobilization and uptake at the whole-plant level in four contrasting genotypes
To better characterize the limiting components of NUE, the N fluxes at the whole-plant level (presented in detail in Supplementary Figs S3 and S4 at JXB online) were specifically studied in a representative genotype from each of the four response profiles (Fig. 5) : Oase Gr1 (Group 1), Samouraï Gr2 (Group 2), Californium Gr3 (Group 3), and Aviso Gr4 (Group 4). The N uptake (Fig. 6A) was influenced by N supply, and an interaction between N supply and genotype was observed (P<0.01; Supplementary Table S2 ). Under HN conditions (Fig. 6A) , similar to the remobilized N, N uptake was higher in Oase Gr1 and Californium Gr3 (145 mg N and 148 mg N, respectively) compared with Aviso Gr4 (110 mg N) and Samouraï Gr2 (81 mg N). In response to LN conditions (Fig. 6A) , the N uptake was negligible for all genotypes. N supply and genotypes influenced the N remobilization at the whole-plant level, and a strong N supply×genotype interaction was observed (P<0.001; Supplementary Table S2) . Under HN treatment, the total amount of remobilized N was lower for Aviso Gr4 (70 mg N) than for the other three genotypes (95 mg N on average; Fig. 6B ). The NRE (N remobilized as a percentage of N stored in source organs) was dependent on the N supply and the genotypes, and an N supply×genotype interaction was found (P<0.01; Supplementary Table S2 ). Under HN conditions, the highest NRE was observed for Aviso Gr4 , Oase Gr1 , and Samouraï Gr2 (65% on average; Fig. 6B ). Under LN conditions, an increase in the total amount of remobilized N was observed for Aviso Gr4 (+22.4 mg N), Samouraï Gr2 (+18.5 mg N), and Californium Gr3 (+34 mg N), while it remained similar in both N conditions for Oase Gr1 (Fig. 6B) . Compared with HN conditions, the NRE increased in response to LN treatment and reached 75% for Oase Gr1 , 78-78.5% for Samouraï Gr2 and Californium Gr3 , and >94% for Aviso Gr4 (Fig. 6B ). The analysis of N fluxes from remobilization also revealed that, compared with HN treatment, the amount of N remobilized from leaves towards roots increased in response to LN conditions for Samouraï Gr2 , Californium Gr3 , and Aviso Gr4 , but not for Oase Gr1 (Supplementary Figs S3, S4) .
Distribution of N to the younger leaves in four contrasting genotypes
The total N (sum of N from uptake and remobilization) distributed to the younger leaves, considered as sink leaves during the experiment, was influenced by the N supply and the genotypes, but there was no N treatment×genotype interaction (Supplementary Table S2 at JXB online). Under HN conditions (Fig. 7) , Californium Gr3 and Oase Gr1 had the highest amount of total N distributed to sink leaves (170 mg N on average) while Samouraï Gr2 had the lowest (107 mg N). Under LN conditions (Fig. 7) , the amount of total N distributed to sink leaves decreased for all genotypes (around -53%), except for Samouraï Gr2 . An interaction between N treatment and genotype was observed for the amount of N remobilized to the younger leaves (P<0.05; Supplementary Table S2) but no significant differences were observed between N conditions (Fig. 7) . In both N supplies, the N from the remobilization redistributed to the younger leaves was similar in Aviso Gr4 , Oase Gr1 , and Samouraï Gr2 (60 mg on average), while it was higher for Californium Gr3 (77 mg on average; Fig. 7 ). However, an N treatment×genotype interaction was observed for the N from uptake allocated to the younger leaves (P<0.001; Supplementary Table S2) . Under HN treatment (Fig. 7) , the highest N from uptake allocation was observed in Californium Gr3 and Oase Gr1 (101 mg N on average) and the lowest in Samouraï Gr2 (44 mg). Under LN, the insignificant N uptake led to a negligible allocation of N to the sink leaves (Fig. 7) . To compare the capacity of N (Groups 1-4 ; B) based on the differences in NUE, NRE leaf , Remob prot , and Remob aa between ample (HN: 3.75 mM) and restricted (LN: 0.375 mM) nitrate supply. The results were obtained from a principal component analysis (PCA). Axis 1 is related to the NUE, NRE leaf , Remob Prot , and Remob aa (84.46%) and the second axis (11.88%) is mainly associated with NUE and Remob aa . Diagrams of the four response profiles to nitrate limitation (B). LB prod : leaf biomass production in grams. NUE: expressed as the LB prod per milligram of N provided by the nutrient solution. NRE leaf: N remobilized as a percentage of the initial N amount in the source leaf observed at D0. Remob prot and Remob aa : decrease in soluble proteins or amino acids in the source leaf expressed as a percentage of the initial amount at D0 (Figs. 3  and 4) .
from remobilization and uptake to be used for growth in sink leaves in the four contrasting genotypes, an NUtE index was defined as the LB prod per mg of N distributed in the younger leaves after 21 d of N treatment (including N from remobilization and uptake; Fig. 7) . As indicated by the ANOVA test, there was a genotype×N treatment interaction for the NUtE (P<0.05; Supplementary Table S2). The NUtE was similar among the four genotypes under HN conditions (0.42 g FM mg -1 N to 0.60 g FM mg -1 N for Californium Gr3 and Aviso Gr4 , respectively; Fig. 7) . However, under LN conditions, Aviso Gr4 Fig. 7 . Amount of total N, N from remobilization and uptake distributed to the younger leaves, and N utilization efficiency (NUtE) of Oase Gr1 (Group 1), Samouraï Gr2 (Group 2), Californium Gr3 (Group 3), and Aviso Gr4 (Group 4) after 21 d of culture with ample N (HN: 3.75 mM nitrate) or low N (LN: 0.375 mM nitrate). The four groups of genotypes were defined in Fig. 5 . The amount of N from remobilization is represented by the hatched part and the N amount from the uptake by the non-hatched part. The NUtE was defined as the LB prod per milligram of N distributed to the younger leaves (g FM mg -1 N). Significant differences were determined between genotypes for the total N amount distributed (indicated by the upper bars) and the N amount from remobilization (indicated inside the hatched bars) and represented by Roman letters a, b, c for HN and Greek letters α, β, γ for LN treatment (n=3, P<0.05). Significant differences between N treatments are indicated by asterisks. had the highest NUtE (1.23 g FM mg -1 N) compared with the other three genotypes (0.8 g FM mg -1 N on average for Oase Gr1 and Samouraï Gr2 and 0.58 g FM mg -1 N for Californium Gr3 ).
Leaf senescence progression at the whole-plant level in four contrasting genotypes
The progression of leaf senescence at the whole-plant level was determined using the SAG12/Cab indicator (Gombert et al., 2006) on the four contrasting genotypes (Supplementary  Table S3 at JXB online). At D0, the theoretical last senescing leaf was leaf rank number 5 for Aviso Gr4 , Californium Gr3 , and Samouraï Gr2 , while it was leaf rank number 7 for Oase Gr1 (Supplementary Table S3 ). After 21 d of N treatment, the theoretical last senescing leaf for Oase Gr1 and Samouraï Gr2 was leaf rank number 17 in both N conditions, while an increased number of senescing leaves between HN and LN conditions was observed in Aviso Gr4 (from the leaf rank number 13 for HN to 15 for LN) and Californium Gr3 (from the leaf rank number 12 for HN to 15 for LN; Supplementary Table S3) .
Discussion
Deciphering the components of NUE in oilseed rape reveals four groups of genotypes differing by their responses to low nitrate availability
As previously observed in spring oilseed rape genotypes (Svecnjak and Rengel, 2006; Balint and Rengel, 2008) , differences in leaf biomass production (LB prod ) and NUE ( Fig. 1) were found between the 10 winter oilseed rape genotypes at the vegetative stages in both N conditions. An N supply×genotype interaction was found for LB prod and NUE (Supplementary Table S1 at JXB online), indicating different responses to N limitation between the 10 genotypes. In addition, differences in NRE in the source leaf (NRE leaf ) were observed with an N supply×genotypes interaction (P<0.001; Supplementary Table S1 ). These differences allowed four response profiles to LN supply to be defined on the basis of the NRE leaf and the LB prod under LN compared with HN conditions. Group 1 comprised Darmor, ES-Astrid, Lioness, and Oase (Fig. 5A) . These genotypes were characterized by a decrease in LB prod under LN compared with HN (Fig. 1A) , despite a high NRE leaf in both N conditions (>50% of N remobilized; Fig. 2 ) which was a consequence of efficient remobilization of soluble proteins (>50%; Fig. 3 ) and amino acid export (>57%; Fig. 4) . Whatever the N supply, the genotypes of this group presented a similar NRE leaf (except ES-Astrid; Fig. 2) , as well as the same amount of remobilized N ( Supplementary  Fig. S1 at JXB online) and N content in the source leaves after 21 d of treatment (data not shown). These data suggest that genotypes of Group 1 are characterized by N remobilization that is insensitive to the low nitrate supply (Fig. 2) , a trait that has not been described before in other winter oilseed rape genotypes.
Samouraï alone was classified into Group 2 (Fig. 5) . Similar to the genotypes of Group 1, Samouraï Gr2 showed a decrease in the LB prod in response to LN supply (Fig. 1A) , but, unlike Group 1, the NRE leaf was considered to be inefficient in both N conditions ( Fig. 2; Supplementary Fig. S1 at JXB online) . Surprisingly, the high level of soluble protein remobilization in Samouraï Gr2 under both N conditions (>70%; Fig. 3 ; Supplementary Fig. S2 ) did not lead to an efficient N remobilization (<50%; Fig. 2A; Supplementary Fig. S1 ). This was not related to an accumulation of amino acids in response to nitrate limitation (Fig. 4) , meaning that amino acid export was not limiting. Therefore, to explain why there was no positive impact on the NRE leaf despite the large remobilization of soluble proteins, the first hypothesis is that the insoluble proteins are weakly degraded in Samouraï Gr2 compared with other genotypes. In fact, the thylakoid-bound proteins may represent 30% of the total proteins in leaf photosynthetic tissue and up to 20% of the N in the cell (Matile et al., 1996; Hörtensteiner, 2006) , making these proteins a crucial N source for remobilization. Therefore, a low degradation rate of thylakoid-bound proteins can lead to a low N remobilization. Additionally, by using a chlorophyll meter system (SPAD-502 model), it appeared that the chlorophyll content decreased in source leaves of Samouraï after 21 d under LN conditions (SPAD value: 18.63 ± 4.59) compared with HN treatment (SPAD value: 33.93 ± 1.13; data not shown). These data suggest that chlorophylls are probably well degraded in source leaves of Samouraï in response to N limitation. Even if the degradation of chlorophylls is significant, it could be possible that the recycling of N associated with chlorophylls is limiting in the senescing leaf of Samouraï, another hypothesis that could explain the default in NRE leaf . The last hypothesis could be related to a weak re-assimilation of ammonia by specific enzymes or a low degradation and/or export of peptides, which can both be released by proteolysis (Hörtensteiner and Feller, 2002) . Further analysis of the proteolysis processes is needed to validate these hypotheses.
Group 3 corresponds to the genotypes Montégo, Express, and Californium (Fig. 5) , which also showed a lower biomass production under LN conditions (Fig. 1A) . As previously observed for oilseed rape (Svecnjak and Rengel, 2006; Etienne et al., 2007; Desclos et al., 2009; Gombert et al., 2010) , these genotypes were able to improve their leaf N remobilization in response to LN supply (Fig. 2) . This higher N remobilization resulted from an increase in protein degradation (Fig. 3) and amino acid export (Fig. 4) . However, compared with Aviso and Ténor under LN conditions, the rate of soluble protein degradation was not the most efficient (Fig. 3) , indicating that the mechanisms can probably be improved in the genotypes belonging to Group 3.
Finally, Group 4 included two genotypes (Aviso and Ténor) capable of producing the same leaf biomass in both N conditions (Fig. 1A) . This maintenance of LB prod under LN conditions was related to a large increase in NRE leaf (Fig. 2) due to an improvement in soluble protein degradation (Fig. 3) and amino acid export in response to the low N treatment (Fig.4) .
In summary, this profiling approach allowed four response profiles to N limitation to be distinguished and provided clues to determine the physiological traits of efficient N remobilization at the leaf level. After 21 d of N treatment, the amino acid contents in the source leaf (between 1.14 and 11.7 μmol g -1 FM; Fig. 4 ) was similar to those obtained in previous work on oilseed rape cvs Lirajet and Capitol [11 μmol g -1 FM (Tilsner et al., 2005) ; 6 μmol g -1 FM (Desclos, 2008) ]. Even if a genotype×N treatment interaction was observed for the amounts of amino acids after 21 d (Supplementary  Table S1 at JXB online), suggesting that the remobilization of amino acids is of different amplitude for the 10 genotypes in response to N limitation, the low amount of amino acids observed for the 10 genotypes in both N conditions (Fig. 4) indicated an efficient export. These data confirm the previous results on winter oilseed rape cv. Lirajet (Tilsner et al., 2005) and cv. Capitol (Desclos, 2008 (Fig. 2 ) was strongly associated with a high Remob prot (Fig. 3) , except for the genotype Samouraï Gr2 . In addition, the enhanced N remobilization of the Group 3 and 4 genotypes was linked to an increase in soluble protein degradation, which is in concordance with previous results obtained on cv. Capitol (Etienne et al., 2007; Desclos et al., 2008 Desclos et al., , 2009 . Rubisco can represent up to 65% of the soluble proteins in C 3 plants (Ellis, 1979) , and its degradation can represent 85% of the decrease in soluble proteins in barley leaves (Friedrich and Huffaker, 1980) . In addition, its content is quite representative of the N content in various crop plants, such as rice or barley (Mae et al., 1983; Makino et al., 1984; Evans, 1989; Makino, 2011; Srivalli et al., 2001) . Consequently, the improvement in Rubisco recycling (i.e. degradation and export of amino acids) can be crucial for the optimization of N remobilization (Mae et al., 1983; Feller et al., 2008) . Further studies will be required to unravel the current knowledge about the mechanisms involved in Rubisco degradation (Kato et al., 2001; Feller et al., 2008) , especially in the case of oilseed rape, for which Rubisco degradation remains largely an enigma.
The high NRE leaf of the genotypes capable of maintaining their LB prod under LN conditions (Aviso and Ténor; Group 4; Fig. 5 ) highlighted that the leaf NRE may play an important role in NUE. However, Groups 1 and 3 also showed an efficient NRE leaf under LN conditions (Fig. 2B ) without maintaining their LB prod , suggesting that (i) the NRE leaf is not representative of the total N remobilization at the whole-plant level and/or (ii) a failure in the redistribution or utilization of this element in the young leaves. To validate these hypotheses, one genotype representing each group was chosen in order to investigate the N fluxes at the whole-plant level: Oase Gr1 , Samouraï Gr2 , and Californium Gr3 , which showed decreases in the LB prod under LN conditions, and Aviso Gr4 , which was able to produce the same LB prod whatever the level of nitrate supply.
Efficient N remobilization needs to be associated with an efficient NUtE in the young leaves to improve NUE
To identify the limiting factors responsible for the lower LB prod observed in the Groups 1 and 3 genotypes under LN conditions, and therefore define the components of NUE responsible for maintaining the LB prod of the Group 4 genotypes, the total N amounts from remobilization and absorption at the whole-plant level (Fig. 6) were estimated for the four selected genotypes thanks to the N fluxes estimated at the whole-plant level (Supplementary Figs S3, S4 at JXB online) Surprisingly, the amount of remobilized N under the LN supply was not higher in Aviso Gr4 (able to maintain its LB prod under LN supply; Group 4) than in the genotypes of the other three groups (Fig. 6B) , despite a higher NRE leaf (Fig. 2) . Due to the fact that the amount of remobilized N was highly dependent on the N amount in the source organs, a NRE index was estimated as the amount of remobilized N as a percentage of the N stored in source organs. As shown in Fig. 6B , all the genotypes were able to improve their NRE at the whole-plant level under LN supply, as previously observed for Arabidopsis (Lemaitre et al., 2008; Masclaux-Daubresse and Chardon, 2011) , despite the fact that a similar NRE leaf was observed for Samouraï Gr2 and Oase Gr1 (Fig. 2) . Indeed, no significant correlation was found between NRE and NRE leaf under LN conditions (r=0.20; Supplementary Table S5 at JXB online), demonstrating that the NRE at the leaf level is not representative of the NRE at the whole-plant level. A lower N amount was observed in old leaves of spring (Yau and Thurling, 1987; Svecnjak and Rengel, 2006) and winter (Etienne et al., 2007; Desclos et al., 2009) oilseed rape, and the present results confirm that an increase in NRE occurs not only in a single source leaf but also at the whole-plant level.
The present investigations on N fluxes of remobilization have also revealed that the amount of N remobilized from leaves towards roots increased in response to LN conditions for Samouraï Gr2 , Californium Gr3 , and Aviso Gr4 , but not for Oase Gr1 when compared with HN treatments (Supplementary Figs S3, S4 at JXB online) . This increase in N coming from the leaf remobilization to the roots may help to sustain the root proliferation and maximize the N uptake as far as possible. Indeed, under the experimental conditions used here, the root biomass observed after 21 d of LN treatment was maintained in Samouraï Gr2 , Californium Gr3 , and Aviso Gr4 to a level not significantly different from HN treatment (data not shown). Nevertheless, under low mineral availability, this increase in N distribution towards the root system is at the expense of the remobilization of N towards the aerial organs that could be used to sustain the growth of young leaves.
The higher NRE of Aviso Gr4 under LN led to a lower amount of N lost through senescent leaf drop compared with the other three genotypes ( Supplementary Fig. S4 at JXB online). The correlation between the NRE and the NUE under LN conditions (r=0.65, P<0.05; Supplementary Table S5) and the lower N loss by leaf drop associated with the higher NUE in Aviso Gr4 confirmed the results obtained previously for four spring oilseed rape genotypes (Svecnjak and Rengel, 2006 ) and a simulation suggesting that a decrease in residual N in dead leaves may lead to an increase in the NUE (Malagoli et al., 2005b) . Consequently, Aviso Gr4 wasted less N during the vegetative stages under LN conditions ( Supplementary Fig. S4 ), which makes this genotype a good candidate to understand the molecular mechanisms involved in limiting leaf N loss and, therefore, reducing economic cost and risk of environmental pollution of oilseed rape crop.
The processes of proteolysis involved in N remobilization are linked to the mechanisms of senescence. Indeed, for Aviso Gr4 and Californium Gr3 , the increase in the total amount of remobilized N (Fig. 6B ) was associated with a higher number of senescing leaves (Supplementary Table S3 at JXB online), while Oase Gr1 had a similar amount of remobilized N (Fig. 6B) and a similar senescence status (Supplementary Table S3 ) in both N conditions. The higher number of senescing leaves observed under LN compared with HN conditions for Aviso Gr4 and Californium Gr3 (Supplementary Table S3 ) is in concordance with the previous results obtained with cv. Capitol in field (Gombert et al., 2010) and hydroponic conditions (Gombert et al., 2006; Etienne et al., 2007) , and with spring oilseed rape in greenhouse conditions (Svecnjak and Rengel, 2006) . However, this is the first time, to the authors' knowledge, that a similar senescence status has been observed in response to two contrasting N supplies (genotypes Oase Gr1 and Samouraï Gr2 ; Supplementary Table S3) . Surprisingly, a correlation between the number of senescing leaves and the amount of remobilized N was found only under HN conditions (r= -0.66, P<0.05) and the number of senescing leaves was not correlated to any component of NUE under LN conditions (Supplementary Table S5 ). Consequently, despite the strong relationship between leaf senescence and N remobilization during the vegetative stages, the number of senescing leaves is not a good indicator to select genotypes with high NUE under a low N supply.
These results showed that Aviso Gr4 was able to attain a higher leaf biomass production under LN conditions than the other genotypes without having the highest amount of remobilized N at the whole-plant level. To explain this result, the first hypothesis is that there is a better redistribution of the remobilized N to the young tissues for Aviso Gr4 than for the other genotypes. Surprisingly, under LN conditions, the amount of remobilized N redistributed to the younger leaves in Aviso Gr4 was similar to that in Oase Gr1 and Samouraï Gr2 , but all were lower than in Californium Gr3 (Fig. 7) . Indeed, no correlations were found between the total N amount distributed to the younger leaves and the total amount of remobilized N (r=0.25) or the NRE (r= -0.16; Supplementary Table S5 at JXB online). Due to the fact that the N uptake under LN was almost equal to zero (Fig. 6A ) for all genotypes, the better LB prod of Aviso Gr4 (Fig. 1) therefore cannot be explained by a different total N amount distributed to the younger leaves (Fig. 7) . Instead it is due to a better ability to produce leaf biomass with a limited N amount, reflecting an enhanced utilization (NUtE) in the young leaves (LB prod per milligram of N distributed to the younger leaves; Fig. 7 ). Differences in NUtE were also previously highlighted for spring oilseed rape (Yau and Thurling, 1987; Rengel, 2008, 2011) without determining how the remobilization and/or the assimilation in young tissues were involved. Because the NUtE index was estimated specifically in growing and emerging leaves, the results showed that the improvement in biomass production at the vegetative stages under restricted N supply is linked to efficient utilization of the remobilized N in young tissues. This result is in accordance with previous work showing that an improvement in the source strength of an oilseed rape mutant overexpressing enzymes of assimilation significantly improved the NUE (Good et al., 2007; Good and Beatty, 2011) .
Conclusion
The present results confirmed that an enhanced N remobilization during the vegetative stages contributed to improving the NUE by reducing the N loss by leaf drop, but this needs to be associated with an efficient utilization of the remobilized N in young tissues to improve leaf growth. Yield is the product of the growth rate and the duration of the vegetative period (Diepenbrock, 2000) , and the biomass production of oilseed rape before flowering appears to be crucial for the yield of 40 genotypes (Yau and Thurling, 1987) . Consequently, an enhanced leaf biomass production by improvement in both NRE and NUtE at the vegetative stages may increase seed yield with a reduction of N inputs. These results confirmed the crucial role of NRE (Dejoux et al., 2000; Malagoli et al., 2005a) , and the profiling study of 10 genotypes showed that the high leaf NRE is associated with amino acid export, which is efficient whatever the genotype and the N supply. In addition, the leaf NRE is strongly correlated with proteolysis, suggesting its key role in leaf NRE improvement, except for one genotype (Samouraï). Further studies are in progress to better characterize the proteolysis mechanisms involved in the contrasting leaf remobilization of these genotypes.
Supplementary data
Supplementary data are available at JXB online. Figure S1 . Amount of N remobilized (mg) during the 21 d of the experiment in the source leaf of 10 genotypes of winter oilseed rape. Figure S2 . Amount of soluble proteins remobilized (mg) during the 21 d of the experiment in the source leaf of the 10 genotypes. Figure S3 . Detailed N fluxes at the whole-plant level of Oase Gr1 , Samouraï Gr2 , Californium Gr3 , and Aviso Gr4 supplied with ample nitrate. Figure S4 . Detailed N fluxes at the whole-plant level of Oase Gr1 , Samouraï Gr2 , Californium Gr3 , and Aviso Gr4 supplied with low nitrate. Table S1 . Source of variation for LB prod , NUE, NRE leaf , Remob prot , Remob aa , and the amount of amino acids (at 21 d of N treatment) in the source leaf of 10 genotypes of winter oilseed rape. Table S2 . Source of variation for N remobilization and uptake at the whole-plant level in Oase Gr1 , Samouraï Gr2 , Californium Gr3 , and Aviso Gr4 . Table S3 . Theoretical last senescing leaf rank of Oase Gr1 , Samouraï Gr2 , Californium Gr3 , and Aviso Gr4 . Table S4 . Correlation between the LB prod , the NUE, the NRE leaf , the Remob prot , and the Remob aa in the source leaf of the 10 genotypes of winter oilseed rape. Table S5 . Correlation between the LB prod , the NUE, the amount of N from remobilization and uptake, the NUtE, NRE, and leaf senescence status of Oase Gr1 , Samouraï Gr2 , Californium Gr3 , and Aviso Gr4 .
